Abstract The reasons for aspiration in healthy adults remain unknown. Given that the pharyngeal phase of swallowing is a key component of the safe swallow, it was hypothesized that healthy older adults who aspirate are likely to generate less pharyngeal peak pressures when swallowing. Accordingly, pharyngeal and upper esophageal sphincter pressures were examined as a function of aspiration status (i.e., nonaspirator vs. aspirator), sensor location (upper vs. lower pharynx), liquid type (i.e., water vs. milk), and volume (i.e., 5 vs. 10 ml) in healthy older adults. Manometric measurements were acquired with a 2.1-mm catheter during flexible endoscopic evaluation. Participants (N = 19, mean age = 79.2 years) contributed 28 swallows; during 8 swallows, simultaneous manometric measurements of upper and lower pharyngeal and upper esophageal pressures were obtained. Pharyngeal manometric peak pressure was significantly less for aspirators (mean = 82, SD = 31 mmHg) than for nonaspirators (mean = 112, SD = 20 mmHg), and upper pharyngeal pressures (mean = 85, SD = 32 mmHg) generated less pressure than lower pharyngeal pressures (mean = 116, SD = 38 mmHg). Manometric measurements vary with respect to aspiration status and sensor location. Lower pharyngeal pressures in healthy older adults may predispose them to aspiration.
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Keywords Swallowing Á Manometry Á Age Á Gender Á Bolus volume Á Deglutition Á Deglutition disorders Numerous factors affect pharyngeal function while healthy adults swallow. For example, dry swallows elicit greater pharyngeal pressures and longer pharyngeal durations than liquid swallows [1] [2] [3] [4] or ''simpler'' pressure patterns [5] . Findings from studies exploring pharyngeal pressure as a function of viscosity have been equivocal. Whereas Perlman et al. [3] found no difference in pressure or timing variables in water versus apple sauce conditions, Dantas et al. [6] found increases in pharyngeal pressure duration and increased upper esophageal sphincter (UES) relaxation with increases in bolus viscosity from liquid barium to paste barium. Likewise, Butler et al. [7] found, in general, increases in lower pharyngeal pressure with increases in viscosity across thin, nectar, honey, and pudding conditions.
Pharyngeal pressure and duration are also affected by bolus volume. Gumbley et al. [8] found no statistically significant differences in pharyngeal peak pressures or duration across 5-, 10-, and 20-ml bolus volumes; however, UES nadir pressures were inversely proportionate to bolus volume. Kahrilas et al. [9] also reported an increase in UES duration with larger boluses. Similarly, Castell et al. [2] found greater pharyngeal contraction and greater time to the peak of the contraction with increases in bolus volume of 5 vs. 20 ml. Butler et al. [7] found increases in lower pharyngeal pressure with increases in volume (5 and 10 ml) and the inverse of that relationship at the UES. Relative to duration, they found that 5-ml boluses elicited longer upper pharyngeal durations than did 10-ml boluses. Ghosh et al. [10] also reported increased mean intrabolus pressure during the UES relaxation interval with increasing bolus volumes. Cook et al. [11] also reported increases in ''upstream'' pharyngeal intrabolus pressures with increases in bolus volume; velocity of pharyngeal peristalsis did not vary with bolus volume [12] . In contrast, Kern et al. [13] reported that 10-ml barium boluses elicited significantly higher intrabolus pharyngeal pressures than did 5-ml barium boluses. Some differences in findings may be attributed to differences in manometric catheter sizes and/or sensor locations. When utilizing smaller unidirectionaltype sensor catheters, significantly higher pressure was evident for the lower versus the upper pharyngeal location [7, 14, 15] .
Little is known about the role of pharyngeal pressure in swallowing in healthy older adults. It is reasonable to expect a concomitant decline in swallowing with a general decline in physical or cognitive function that accompanies aging. For example, even in healthy older adults, sarcopenia (loss of muscle mass and strength) could lead to reduced pharyngeal peak pressures when swallowing, causing a greater risk of aspiration. Given that the pharyngeal phase of swallowing is a key component of the safe swallow, decreased pharyngeal strength may be an indicator of pharyngeal pathophysiology in healthy older adults and thus worthy of further investigation.
The recent observation of a strikingly high prevalence of aspiration (i.e., approximately 30% and most episodes being silent) among healthy older adults over 65 years old during flexible endoscopic evaluation of swallowing (FEES) [16, 17] was the impetus for this study. It was subsequently hypothesized that healthy older adults who aspirate may have less pharyngeal strength (i.e., pharyngeal peak pressures with swallowing) than healthy older adults who do not aspirate. Thus, the purpose of this study was to examine pharyngeal pressure during concurrent manometric and FEES assessment as a function of aspiration status (i.e., nonaspirator vs. aspirator), sensor location (i.e., upper vs. lower pharynx), liquid type (i.e., milk vs. water), and bolus volume (i.e., 5 vs. 10 ml). The inclusion of a milk bolus was deemed important since aspiration is observed with milk significantly more frequently than with water (S.G. Butler et al., unpublished) . Concurrent assessment of upper and lower pharyngeal pressures was undertaken as pharyngeal pressures vary as a function of manometric sensor location [7, 14, 15] .
Methods

Participants
Twenty adults were enrolled in the study; however, one participant underwent only the endoscopic portion of the study. The 19 participants were volunteers over 65 years of age (mean = 79.2 years, range = 69-87); 9 women (mean age = 79.4 years, SD = 5.4) and 10 men (mean age = 79.0 years, SD = 4.7) were included. Participants reported via questionnaire that they had no history of swallowing or voice problems; speech disorders; known otolaryngological, pulmonary, or neurological disease; structural disorders; and were not taking medications known to change swallowing function. Participants were asymptomatic for reflux as determined by the Reflux Symptom Index [18] . All participants were ambulatory and self-reported to be in good health. Participants were recruited by bulletins approved by the Wake Forest University Health Sciences Institutional Review Board. Informed consent was obtained.
Apparatus
A KayPENTAX Swallowing Workstation (KayPENTAX, Inc., Lincoln Park, NJ) with concurrent manometry and FEES was utilized. The manometry catheter was 100 cm long and 2.1 mm in diameter (Model CTS3 ? emg, Galtek, Hackensack, NJ) with solid-state unidirectional, posteriorly oriented sensors consistent with proposed catheter standards [19] . Pressures were measured in the upper esophageal sphincter (UES) and at 3 and 5 cm proximally, the approximate levels of inferior constrictor and tongue base, respectively. Digital 12-bit samples were obtained with a sampling frequency of 500 Hz and displayed in a -100-to 250-mmHg display window. The system software generated pressure waveforms as a function of time. Videoendoscopic imaging, as described previously [7, 15, 20] , was time-locked with the manometric waveforms and displayed on the same monitor.
Procedure
Catheter calibrations were conducted with a sphygmomanometer calibration kit that has an accuracy of ±0.75 mmHg. A 3.1-mm digital flexible endoscope was lubricated and passed transnasally by a speech-language pathologist (SLP) to obtain a superior view of the hypopharynx allowing for easy, visualized placement of the manometric catheter. Once endoscopic placement was assured, the tip of the manometric catheter was lubricated and passed transnasally by another SLP or a trained nursing assistant through the other nare into the hypopharynx, and through the UES with cued swallows and water swallows as needed. If difficulty was encountered passing the manometric catheter through the opposite nare, then the catheter was passed through the same nare as the endoscope. This is a routine procedure in our clinic and in research studies and is well tolerated whether one or two nares are used.
Using a pull-through technique, the catheter was pulled back until the high-pressure zone of the UES was observed in the waveform of sensor one. Once the high-pressure zone of the UES was identified, the catheter was stabilized in the high-pressure zone for approximately 20 s and UES resting pressure was recorded. The catheter was then pulled back (i.e., moved superiorly) an additional 1-2 cm so that UES relaxation could be measured at the height of the swallow (i.e., to compensate for laryngeal elevation with swallowing), and the characteristic M-wave [21] was seen in the channel for sensor one. A posterior orientation of sensors two and three at the levels of the inferior constrictor and the base of the tongue, respectively, was obtained and assured via endoscopic visualization throughout data collection. The manometric clinician took the hand that was holding the manometric catheter transnasally and braced it on the participant's nose or cheek to assure that minimal inferior or superior movement of the catheter in the pharynx occurred. However, given the dynamic nature of swallowing, some reorientation of the catheter was needed during data collection and it was performed by again advancing sensor one to the highpressure zone of the UES and then pulling the catheter back (i.e., superiorly) 1 cm as described above.
Determining Aspiration Status
Fourteen conditions were studied to determine aspiration status. Four of the 14 conditions were conducted with the manometric catheter in (i.e., 5-and 10-ml volumes of water and milk) and the remaining ten conditions were conducted with the manometric catheter out (i.e., 5-and 10-ml volumes of water and milk delivered via syringe and 5-, 10-, and 15-ml volumes of water and milk delivered via cup). Conditions were randomized across participants. Two trials of each condition were administered. Thus, each participant contributed 28 swallows for determination of aspiration status. Because of previous reports that aspiration status was not significantly affected by delivery method or catheter condition [17] , aspiration status was not stratified as a function of delivery method nor catheter condition.
At the beginning of the study, participants were instructed to swallow the water or milk when they were ready. All boluses were dyed with green food coloring to offer better visualization. Swallowing position was maintained during all bolus administrations. Swallowing position required that the distal end of the endoscope be just above the top of the epiglottis so that the entire base of tongue, the tip of the epiglottis, posterior pharyngeal wall, lateral pharyngeal walls (e.g., lateral channels), and laryngeal vestibule were visualized prior to bolus administration. The endoscope was maintained in swallowing position throughout the study except for the seconds that the scope was advanced to post-swallow position following a bolus presentation. To obtain post-swallow position, the distal end of the scope was advanced lower into the pharynx, past the tip of the epiglottis and into the upper portion of the laryngeal vestibule where the glottis and trachea below could be well visualized. Post-swallow position was held long enough to determine the penetration-aspiration scale (PAS) score [22] and then the scope was pulled back up into swallowing position.
Obtaining Manometric Data
As noted above, simultaneous manometric measures were obtained during FEES in four conditions (i.e., 5-and 10-ml volumes of water and milk). Each participant contributed eight swallows across two trials, yielding a total of 152 swallows for manometric analyses. Pressure measures were acquired at the upper pharynx, lower pharynx, and UES locations. Accordingly, 456 data points were possible for statistical analyses. Four of the 456 possible data points were missing in either trial one or two (i.e., 0.01%) for a particular test condition. There were no instances where both trials of a particular condition were missing. The missing data resulted from misoriented sensors.
Manometric waveforms were analyzed offline. Peak amplitudes of the two pharyngeal sensors and the relaxation nadir of the UES from sensor one were measured in mmHg. UES resting pressure measurements were also acquired for each participant. Five-seconds were selected from the waveform of sensor one when the sensor was located in the highest pressure region of the UES. The average pressure (in mmHg) across the 5 s was used for the UES resting pressure. As trial does not affect measurements of pressure, duration, and onset [7, 15, 20] , the two trials for each condition were averaged for each participant. If one trial was missing (n = 4), the trial that was present was used for the averaged/collapsed data set.
Results
Aspiration was observed on 22 (of the 748 total) swallows from seven participants (i.e., those identified as aspirators). Three of the seven aspirators aspirated once; the remaining four aspirators aspirated twice or more. Eighty-six percent (19/22) of the aspiration events were ''silent,'' eliciting no throat clearing or cough. All aspiration events occurred with milk or water test boluses, with more aspiration events occurring with milk (68%; 15/22 swallows) than water (32%; 7/22 swallows).
Mean pharyngeal peak pressures as a function of aspiration status, sensor location, liquid type, and bolus volume with standard errors are presented in Table 1 . A mixed four-factor ANOVA was performed to investigate pharyngeal peak pressures as a function of aspiration status, pharyngeal sensor location, liquid type, and bolus volume. For all analyses, an a level of 0.05 was adopted. Relative treatment effect sizes (i.e., proportion of variance accounted for) and statistical power were indexed by g 2 [23] , and / [24] , respectively, for all analyses. Small, medium, and large effect sizes were considered with values as 0.10, 0.25, and 0.40, respectively [24] . As seen in Fig. 1 , aspirators had lower peak pharyngeal pressures than nonaspirators, and lower pharyngeal peak pressure was found at the upper versus lower pharyngeal sensor location in aspirators and nonaspirators. The grand mean pharyngeal peak pressures (with 95% lower-and upper-bound confidence intervals), collapsed across liquid type and bolus volume for the nonaspirating participants' upper and lower pharyngeal sensor locations, were 100 mmHg (range = 86-116) and 123 mmHg (range = 100-146), respectively. Similarly, for the aspirating participants they were 58 mmHg (range = 37-78) and 105 mmHg (range = 74-136).
A mixed three-factor ANOVA was also performed to investigate UES nadir pressure as a function of aspiration status, liquid type, and bolus volume. No significant main effects or interactions were found (p [ 0.05). The grand mean with 95% confidence intervals (with lower and upper bounds) collapsed across aspiration status, liquid type, and bolus volume was 8 mmHg (5 and 12).
An independent t test was performed to investigate UES resting pressure as a function of group (i.e., nonaspirator vs. aspirator). There was no significant group difference (p = 0.25). The grand mean with 95% confidence interval (14) 81 (14) 83 (9) 82 (11) 81 (9) Nonaspirator (N = 12) 101 (7) 123 (11) 105 (7) 118 (10) 115 (8) 108 (7) Standard errors are presented in parentheses To investigate the association between aspiration status and pharyngeal strength, an examination of pharyngeal peak pressures (in mmHg) across participants was undertaken (Fig. 2) . As noted above, aspirators had statistically significant lower peak pharyngeal pressures than nonaspirators. Group separation was drawn at 65, 100, and 85 mmHg for upper, lower, and averaged pharyngeal sensor locations, respectively. Group association as a function of pharyngeal pressure was clear except for two aspirators.
Discussion
Consistent with the hypothesis posed above, healthy older adults who aspirated generated lower pharyngeal peak pressures than healthy older adults who did not aspirate. In concert with previous findings [7, 14, 15] , less pharyngeal peak pressure was generated in the upper versus lower pharynx. It was previously reported that 30-40% of healthy adults undergoing FEES aspirated, raising questions about the pathophysiological differences between healthy older adults who aspirate and those who do not [17, S.G. Butler et al., unpublished] . The current results suggest that decreased pharyngeal peak pressure (i.e., throat strength) during swallowing at least partially explains this difference.
While all participants identified as aspirators reported good general health and a negative history of neurological disease, an undiagnosed condition could have existed. Furthermore, since these data are from a cross-sectional design, it is uncertain whether the relative pharyngeal weakness developed prior to the development of aspiration. Longitudinal studies and intervention studies targeting pharyngeal strength will be required to establish the causative role of weakness in the occurrence of aspiration in healthy older adults.
In this study, there was no significant age difference between aspirators (mean = 79.0 years; range = 69-83) and nonaspirators (mean = 79.3 years; range = 69-87). Thus, weakness is not simply a proxy for age. As Fries observed, ''variation between healthy persons of the same age is far greater than the variation due to age'' [25] . Sarcopenia, the age-related loss of muscle mass and strength, is universally observed in human aging; however, the variability observed between older adults is substantial. Rantanen et al. [26] have commented that ''muscle strength may have long-term implications for mortality. Additionally, greater strength itself may provide greater physiological and functional reserve that protects against mortality'' (p. 168).
These results are consistent with the idea that pharyngeal peak pressures in swallowing may mirror other physical declines associated with age-related disability. If so, a number of important questions regarding aspiration and pharyngeal strength are suggested by analogy with other studies of muscle weakness in older adults. Does aspiration without known precipitating factors in healthy older adults confer higher risk for morbidity and mortality? If healthy adult aspiration results in negative health consequences, is the aspiration treatable/reversible?
Further investigations into decreased oral, pharyngeal, and laryngeal strength associated with subclinical aspiration in healthy older adults are needed to explore the implications for age-related morbidity (specifically pneumonia). For example, maximum isometric tongue strength is reduced in older versus young adults [27] [28] [29] [30] [31] [32] ; however, whether reduced isometric tongue strength is associated with aspiration status in healthy older adults is unknown. However, there is some evidence to suggest that patients with dysphagia (but not necessarily aspiration) have lower isometric tongue strength than controls [29] . A laryngeal component possibly contributing to aspiration in healthy older adults outside of reduced pharyngeal strength is presbylarynx (vocal fold atrophy and bowing), whereby laryngeal atrophy results in decreased laryngeal closure. However, again, associations between changes in vocal fold closure patterns and aspiration in healthy older adults remain unknown. Thus, it will be important to identify other variables, aside from pharyngeal peak pressure, related to aspiration (as in the two participants with ''normal'' pharyngeal peak pressure in Fig. 2 ) in healthy older adults.
In Fig. 2 , putative pharyngeal strength thresholds below which aspiration risk increases were delineated. The actual value of these targets should be replicated by other groups. However, the existence of such thresholds suggests that silent aspiration may be treatable by sufficiently strengthening muscles involved. Thus, if a patient has a mean pharyngeal peak pressure below the thresholds, an oropharyngeal treatment program could be started to reverse his/her aspiration status. Also, it is clear from these data that although pharyngeal strength thresholds may delineate most aspirators from nonaspirators, they do not delineate all aspirators from nonaspirators, since two aspirators had pharyngeal strength similar to that of nonaspirators. In those two patients, other pathophysiological mechanismscurrently unknown but possibly including decreased laryngeal closure or delayed pharyngeal response-are likely responsible for aspiration. Future studies are planned to investigate laryngeal closure, reflux findings, pharyngeal response times, and residue severity as a function of aspiration status.
Lower pharyngeal pressures were significantly higher than upper pharyngeal pressures, which mirrors our previous investigations. It is logical that the sensor closest to the tongue would yield the highest pressures since the posterior tongue drives the bolus into the hypopharynx. However, given that multiple investigations have found that lower pharyngeal peak pressures are higher [7, 14, 15] , perhaps greater pressures are needed to safely propel the bolus past the possible entrance of the trachea and efficiently into the esophagus.
While no difference was found in pharyngeal peak pressures with milk relative to water in the present study, milk was associated with significantly more frequent episodes of aspiration in healthy older adults (S.G. Butler et al., unpublished) . Thus, although aspirators have lower pharyngeal peak pressure than nonaspirators, either another pathophysiological mechanism is responsible for the greater frequency of aspiration seen with milk or the effect of pharyngeal peak pressures for milk versus water was not detectable in this small sample.
Gumbley et al. [8] previously found no effect of bolus volume on pharyngeal peak pressures in young adults. This is consistent with the present findings in older adults, regardless of aspiration status. However, Gumbley et al. [8] did find that smaller bolus volumes yielded greater UES nadir measurements. This agrees with our previous work that found, in general, that 5-ml boluses elicited greater UES nadir than 10-ml boluses [7] , but it differs from our current findings. The current findings may be different since more aspirators participated in this study; the pathophysiology associated with decreased pharyngeal peak pressures may affect lack of bolus accommodation across bolus volumes.
The finding that healthy older adults who aspirated had less pharyngeal strength during swallowing compared to those who did not aspirate is a novel one that may have parallels to other areas of decreased physical strength/ functioning seen in older adults with a high risk for morbidity and mortality. Accordingly, additional mechanistic studies are needed in healthy older adults who aspirate versus those who do not to determine other potential oral, pharyngeal, or laryngeal pathophysiology associated with aspiration status. From the present observations, one could theorize the existence of a pathway by which generalized functional decline may lead to specific age-associated morbidities such as community-acquired pneumonia. Longitudinal studies are needed to determine if aspiration status and/or decreased pharyngeal strength predict negative health consequences.
